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,QWURGXFWLRQ
0HWDPDWHULDOV DUH DUWLILFLDO PDWHULDOV ZLWK HOHFWURPDJQHWLF SURSHUWLHV XQIRXQG LQ QDWXUH VXFK DV QHJDWLYH
SHUPLWWLYLW\DQGQHJDWLYHSHUPHDELOLW\ 7KH\XVXDOO\FRPSULVHSHULRGLFVWUXFWXUHVZLWKJHRPHWULFIHDWXUHVVPDOOHU
WKDQWKHZDYHOHQJWKRILQWHUDFWLQJHOHFWURPDJQHWLFZDYH>@$VSOLWULQJUHVRQDWRU655DPHWDOOLFRSHQORRS
ZLWK D GLHOHFWULF JDS LV DPRQJ WKH PRVW FRPPRQ VWUXFWXUHV XVHG LQ PDWDPDWHULDO >@ ,W H[KLELWV D VWURQJ
HOHFWURPDJQHWLF UHVRQDQFH ZLWK LWV IUHTXHQF\ DQG 4 IDFWRU GHSHQGLQJ RQ WKH JHRPHWU\ DQG SHUPLWWLYLW\ RI WKH
GLHOHFWULFFRQWDLQHGLQWKHYLFLQLW\RIWKHVXEZDYHOHQJWKUHVRQDWRUJDS'HSHQGLQJRQWKHLUJHRPHWU\DQGRULHQWDWLRQ
WKHLQFOXVLRQVFDQFRXSOHDWDZDYHOHQJWKPXFKORQJHUWKDQWKHSHULRGLFLW\$WUHVRQDQFHWKHVWUXFWXUHVFRXSOHZLWK
IUHHVSDFHHOHFWULFRUPDJQHWLFZDYHVUHVXOWLQJLQORFDOL]HGHOHFWULFILHOGLQWKHJDSDQGDVWURQJFXUUHQWRVFLOODWLRQ
LQWKHPHWDOOLFORRS7KLVORFDOUHVRQDQWILHOGLVYHU\VHQVLWLYHWRDFKDQJHLQWKHGLHOHFWULFSURSHUWLHVRIPDWHULDOLQ
WKHJDSUHJLRQ7KLVSHFXOLDUIHDWXUHLVWKXVSURPLVLQJIRUVHQVLQJDSSOLFDWLRQV
5HFHQWO\YDULRXVVHQVRUVEDVHGRQ655IRUGHWHUPLQDWLRQRIFKHPLFDO>@DQGELRORJLFDODQDO\WHVKDYHEHHQ
GHYHORSHG >@ 7KH EDVLF VWUXFWXUH RI WKH 655 FRQVLVWV RI D PHWDOOLF RSHQ ORRS ZLWK D GLHOHFWULF JDS 7KH
HOHFWURPDJQHWLF ZDYH WKDW WUDQVSRUW WKURXJK WKH ORRS LQGXFHV WKH FXUUHQW LQVLGH WKH ORRS DQG WKRVH FXUUHQW ZLOO
EHFRPHVWURQJHVWDWLWVUHVRQDQFHIUHTXHQF\7KHUHVRQDQFHIUHTXHQF\LVGHSHQGRQVWUXFWXUHDQGGLPHQVLRQRIWKH
ORRSDQGGLHOHFWULFJDS6LQFHWKHVWUXFWXUHRIPHWDOOLFORRSLVIL[HGWKHQWKHUHVRQDQFHIUHTXHQF\ZLOORQO\GHSHQG
RQWKHDQDO\WHPDWHULDOLQWKHJDS7KLVNLQGRIVHQVRUKDVPDQ\NH\DGYDQWDJHVVXFKDVKLJKVHQVLWLYLW\UHDOWLPH
DQGODEHOIUHHGHWHFWLRQDELOLW\+RZHYHU WKHUHKDVEHHQYHU\IHZUHSRUWVWKDWGHPRQVWUDWHLWVIXOOIXQFWLRQDOLW\LQ
ELRVHQVLQJDSSOLFDWLRQV
7KHGHWHFWLRQRIELRPROHFXOHV LQUHDOWLPHVHQVLQJUHTXLUHV WKHPHDVXUHPHQW LQ OLTXLGSKDVHZKLFKFDQFDXVH
VLJQLILFDQWORDGLQJHIIHFWWRRVFLOODWLRQFXUUHQWLQVLGHWKHORRSRI655EHFDXVHWKHEXIIHUIRUELRDQDO\WHLVQRUPDOO\
KLJKO\FRQGXFWLYHPHGLXP7KXVPRVW UHSRUWVRQ655ELRVHQVRUVHPSOR\JDVSKDVHGHWHFWLRQPHWKRGGHVSLWH LWV
OLPLWHGVHQVLWLYLW\SRRUUHSHDWDELOLW\DVZHOODVUHDOWLPHGHWHFWLRQLQDELOLW\,QWKLVVWXG\ZHPLQLPL]HWKHHIIHFWRI
FRQGXFWLYHOLTXLGPHGLXPZLWKPLFURIOXLGLFWHFKQRORJ\7KHDQDO\WHSUHVHQWHGWRWKHJDSLVHIIHFWLYHO\FRQWUROOHGLQ
ERWKVKDSHDQGYROXPHWRDWWDLQWKHVWDELOLW\LQWKHVHQVRUUHVSRQVHDQGWKHUHDOWLPHGHWHFWLRQDELOLW\7KHVHQVRULV
GHPRQVWUDWHGDV D ODEHOIUHHTXDQWLWDWLYHELRVHQVRU IRUGHWHUPLQDWLRQRI ,J*DIWHU LPPRELOL]DWLRQRI WKH655JDS
ZLWKDQWL,J*
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)LJ7KHSKRWRJUDSKVRIPLFURVWULSFRXSOHG655LQWHJUDWHGZLWK3'06PLFURFKDPEHU
([SHULPHQWDO
7KH655EDVHGVHQVRULQWKLVVWXG\ZDVGHVLJQHGEDVHGRQDPLFURVWULSFRXSOHG655VWUXFWXUH7KHSDWWHUQZDV
IDEULFDWHG RQ WKH JROG SODWHG 57GXURLG /0 KLJKIUHTXHQF\ ODPLQDWH 3&% XVLQJ WKH VWDQGDUG
SKRWROLWKRJUDSK\WHFKQLTXH>@3RO\GLPHWK\OVLOR[DQH3'06PLFURIOXLGLFFKDPEHUZDVIDEULFDWHGE\FDVWLQJRQD
SDWWHUQHGVLOLFRQPROG1H[WWKH3'06FKDPEHUZDVDOLJQHGRQWKH655JDSDQGDWWDFKHGZLWKLQOHWRXWOHWWXEHVDV
LOOXVWUDWHGLQ)LJXUH7KHLQOHWWXEHZDVFRQQHFWHGWRWKHSHULVWDOWLFSXPSIRUFRQWURORIWKHVDPSOHIORZZKLOHWKH
RXWOHWWXEHZDVGUDZQLQWRDZDVWHWDQN7KHRWKHUHQGRIWKHSXPSWXEHZDVLPPHUVHGLQWRWKHDQDO\WHVROXWLRQ
&\VWDPLQHVROXWLRQP0DELRIXQFWLRQDOEXLOGLQJEORFNZLWKWZRIXQFWLRQDOHQGJURXSVWKLRO6+DQG
DPLQH1+IRUDQWLERG\LPPRELOL]DWLRQ>@ZDVWKHQIORZHGLQWRWKHFKDPEHUDQGLQFXEDWHGIRUKRXUV7KH
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VXOIXUDWRPVRIWKLROJURXSZHUHERXQGWRJROGVXUIDFHWKURXJKZHDNDFLGEDVHLQWHUDFWLRQZKLOHWKHDPLQHJURXS
ZRXOGEHOHIWIRUVXEVHTXHQWUHDFWLRQ$IWHUWKDW3%6VROXWLRQZDVIORZHGLQWRWKHFKDPEHUZKLOHWKHVHQVRU
UHVSRQVHZDVFRQWLQXRXVO\PRQLWRUHGXVLQJDQHWZRUNDQDO\]HU$JLOHQW(&7KHP0*OXWDUDGHK\GH*$
ZDVWKHQIHGLQWRWKHFKDPEHUZLWKXOPLQIORZUDWHIRUPLQ1H[WWKH3%6VROXWLRQWKHQIORZHGLQWRWKH
FKDPEHUDJDLQIRUGHWHUPLQDWLRQRIUHVRQDQFHIUHTXHQF\FKDQJHFDXVHGE\*$7KH$QWL,J*DQDQWLERG\WKDW
VSHFLILFDOO\ELQGVZLWK,J*ZDVWKHQSUHSDUHGDWYYFRQFHQWUDWLRQDQGIORZHGLQWRWKHFKDPEHUDWWKHVDPH
IORZUDWHIRUPLQWRIRUPWKHVHQVLQJOD\HUVSHFLILFWR,J*1H[WWKHH[FHVV$QWL,J*ZDVUHPRYHGE\IORZLQJRI
3%6EXIIHUDQGWKHVLJQDOZDVUHFRUGHGWRGHWHUPLQHWKHUHVSRQVHGXHWR$QWL,J*LPPRELOL]DWLRQ7KHLPPRELOL]HG
655EDVHGVHQVRULVWKHQUHDG\WREHXVHGIRU,J*ELRVHQVLQJDVVFKHPDWLFDOO\GHPRQVWUDWHGLQ)LJXUH,J*
VROXWLRQLQSKRVSKDWHEXIIHUVDOLQH3%6EXIIHUZLOOEHLQMHFWHGLQWRWKHIORZFKDQQHO$V,J*PROHFXOHVSDVV
WKURXJKWKH655HOHFWURGHWKH\ZLOOELQGWRDQWL,J*RQWKHHOHFWURGHYLDLPPXQRORJLFDOUHDFWLRQUHVXOWLQJD
FKDQJHRIGLHOHFWULFLQWKHJDSDQGLWVUHVRQDQFHIUHTXHQF\ZKLFKLVFRQWLQXRXVO\PRQLWRUHGE\WKHQHWZRUN
DQDO\]HU
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)LJ7KHGLDJUDPLOOXVWUDWLRQRI655HOHFWURGHZLWKLPPRELOL]HGDQWLERG\LQPLFURIOXLGLFIORZFKDQQHODEHIRUHDQGEDIWHUELQGLQJXQGHU
DQDO\WHIORZWKURXJKDFKDQQHO
5HVXOWVDQGGLVFXVVLRQ
)LJXUH  D VKRZ WKH VHQVRU WUDQVPLVVLRQ UHVSRQVH 6 XQGHU GLIIHUHQW ORDGLQJ FRQGLWLRQV ,Q WKH DLU WKH
PD[LPXPDWWHQXDWLRQ LVRFFXUUHGDW WKHKLJKHVW UHVRQDQFHIUHTXHQF\RIDURXQG*+]:KHQPORI3%6EXIIHU
VROXWLRQ ZDV GURSSHG RYHU WKH JDS WKH UHVRQDQFH IUHTXHQF\ LV VKLIWHG GRZQ WR  *+] DQG WKH DWWHQXDWLRQ
DPSOLWXGH LV UHGXFHG E\ PRUH WKDQ  ,Q DGGLWLRQ WKH WUDQVPLVVLRQ UHVSRQVH EHFRPHV TXLWH XQVWDEOH GXH WR
GURSOHWYLEUDWLRQ7RRYHUFRPHWKHSUREOHPVWKHVHQVRUZLOOEHRSHUDWHGLQDFORVHGFKDPEHUXQGHUIORZWKURXJK
FRQGLWLRQV$IWHUDWWDFKLQJWKH3'06FKDPEHUDQGIORZLQJGHLRQL]HG',ZDWHULQWRWKHFKDPEHUWKHDWWHQXDWLRQ
UHVSRQVHVLJQDOEHFRPHVKLJKHUZLWKDVKDUSHUSHDNDWDKLJKHUUHVRQDQFHIUHTXHQF\RI*+]$IWHUDGGLQJ3%6
LQWR',ZDWHUWKHUHVRQDQFHIUHTXHQF\LVVOLJKWO\UHGXFHGEXWWKHDWWHQXDWLRQDPSOLWXGHLVVXEVWDQWLDOO\UHGXFHGDV
PXFKDVFRPSDUHGZLWKWKDWRI',ZDWHU
7KHPHDVXUHGIUHTXHQF\UHVSRQVHVKLIWGXHWRWKHLPPRELOL]DWLRQRI$QWL,J*LVVKRZQLQ)LJXUHE,WFDQEH
VHHQWKDWWKHUHVRQDQFHIUHTXHQF\LVGHFUHDVHGZKHQWKH*$$QWL,J*DQGPJPO,J*LVIORZHGRQWRWKH655
HOHFWURGHDQGWKHIUHTXHQF\EHFRPHVLQFUHDVLQJZKHQWKH3%6EXIIHUUHVXPHV7KHQHWWKHIUHTXHQF\VKLIWDIWHU
PLQ*$DIWHUPLQ$QWL,J*DQGDIWHUPLQ,J*IORZLQWKH3%6PHGLXPDUHDURXQG0+]0+]DQG
0+]UHVSHFWLYHO\7KHGHFUHDVHRIUHVRQDQFHIUHTXHQF\LVGXHWRWKHELQGLQJRI*$$QWL,J*DQG,J*RQWKHJDS
UHVXOWLQJLQWKHLQFUHDVHRIGLHOHFWULFFRQVWDQWLQWKHJDS,QDGGLWLRQWKHKLJKHVWUHVRQDQFHIUHTXHQF\VKLIWRFFXUV
DIWHU$QWL,J*LPPRELOL]DWLRQLQGLFDWLQJWKDW$QWL,J*FDXVHVWKHODUJHVWFKDQJHLQGLHOHFWULFFRQVWDQWDWWKH655
JDS
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LPPRELOL]DWLRQDQGPJPO,J*GHWHFWLRQ
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,WLVVHHQWKDWWKHUHVRQDQFHIUHTXHQF\VKLIWLQFUHDVHV
PRQRWRQLFDOO\DQGDSSUR[LPDWHO\OLQHDUO\IURP0+]WR0+]DVWKH,J*FRQFHQWUDWLRQLQFUHDVHVIURPWR
PJPO7KHUHVXOWVGHPRQVWUDWHWKDWWKHPLFURVWULSFRXSOHG655LQWHJUDWHGZLWK3'06FKDPEHUFDQHIIHFWLYHO\
EHXVHGIRUUHDOWLPHODEHOIUHHDQGTXDQWLWDWLYHGHWHFWLRQRI,J*DQGFDQEHH[WHQGHGIRUXVHZLWKRWKHUDQWLERG\
DQWLJHQELRORJLFDODQDO\WHV
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